Abstract-This correspondence considers a problem of robust impulse control of uncertain singular systems by decentralized output-feedback. It derives a perturbation upper bound that ensures the existence of decentralized output-feedback control law such that the closed-loop system remains both regularity and impulse free for any allowable perturbations. Algebraic sufficient conditions are also presented that guarantee the existence of so-called decentralized robust impulse controllers.
I. INTRODUCTION
In the past two decades, a considerable amount of research concerning linear time-invariant singular systems (or descriptor systems or generalized state-space systems) has been reported because of its extensive applications [1] , [2] . Some significant results have been reported in the literature [1] , [3] - [5] . Little effort has been devoted, however, to the study of these problems for uncertain singular systems. Recently, an interest has grown in investigating structural properties and robustness of this kind of uncertain control systems. Some work on structural controllability (observability) [6] , [7] , structural stability [8] , feedback regularization [9] - [12] , and robustness analysis [13] - [16] have been carried out. In this correspondence, we consider the following decentralized uncertain singular systems:
Biui; y i = C i x; i = 1; 2; 111; N;
where E and A 0 are n 2 n real matrices with rank[E] = r < n; x and y i are state vector and outputs vectors, respectively; B i and C i are n2mi and li 2n real full rank matrices, respectively; Ai are structured matrices; and k i ; i = 1; 2; 111 ; p are the uncertain parameters with jk i j : Here, the regularity of the pencil sE 0 A 0 is not assumed.
It is well known that a singular system has a more complicated structure and contains not only finite dynamical modes (exponential modes), but also infinite frequency modes, including infinite nondynamical and dynamical modes that may generate undesired impulse behaviors [1] . As can be seen, the uncertainties appearing in the system (1) may cause the singular system to change its nilponent structure or to lose the regularity [14] , [15] . Our earlier work reported in [12] presents an algebraic necessary and sufficient condition for making the nominal singular system (1) both regular and impulse free by decentralized output feedback. In [16] , we analyzed the robustness with a consideration of eliminating impulsive modes for a class of centralized uncertain singular systems.
The objective of this paper is to derive algebraic sufficient conditions and a perturbation upper bound for denoted by ; which ensure the 
is regular and impulse free for all allowable perturbations jk i j <
:
The remainder of this paper is organized as follows. Some notations used throughout the paper and the supporting results are given in Section II. The main results and remarks are reported in Section III. Illustrative examples are presented in Section IV, and a conclusion is located in Section V.
II. NOTATIONS AND SUPPORTING RESULTS
In this section, we introduce the notations and some supporting results used in the paper. Let R n2m (C n2m (1) for the spectral radius, det(1) the determinant, rank [1] the rank of the argument matrix. Let N denote the set f1; 2; 11 1;Ng and ' is a nonempty subset of N with elements i 1 ; i 2 ; 11 1;i s ordered such that i1 < i2 < 1 11 < is: Then, we define B' and C' such that
. . .
C i
and B ' = [B i ; B i ; 1 11; B i ]:
Moreover, P(N) is a power set of N; which is the set of all subsets of N; N 0 ' = fx: x 
Then, for all 2 det(In + M0) 6 = 0 iff (M0) < 1:
Proof: It is straightforward from the Jordon canonical reprensentation of matrix M 0 :
Lemma 2.3 [5] , [18] : The following statements are equivalent.
i) The singular system E _x = Ax is regular and impulse free.
ii) The matrix (sE 0 A) 01 exists and is proper.
; where degf1g denotes the degree of polynomial f1g: Lemma 2.4 : Suppose that the system E _x = Ax is regular and impulse free. Then, the matrix S(LAS) 01 L is invariant for all L 2 L E and S 2 S E :
Proof: It follows directly from computations. Definition 2.1: For the nominal system (1), which is either nonregular or regular with impulsive modes, it is said to be decentralized regularizable and impulse eliminable (DRIE) if control laws of the form u i = F i y i ; i 2 N exist, which yield the following closed-loop system:
BiFiCi x (17) to be regular and impulse free. The perturbed system (1) is said to be DRIE if any realizations of the system is DRIE.
Theorem 2.1: The nominal singular system (1) is DRIE if and only if for all ' 2 P(N)
Proof: The result can be derived by using the mathematical Lemma 2.3 in [12] and Lemma 2.3 above. The details and some related discussions can be found in [5] and [12] .
Definition 2.2 [19]:
A subset of R m2p (respectively, C m2p ) is a robust subset (i.e., Zariski open set) of R m2p if it is nonempty and its complement is the set of solutions in R m2p to a finite set of polynomial equations. Such sets are open and dense in R m2p ; and each robust subset of R m2p contains the largest subset, which is a robust subset of R m2p : The intersection of two robust subsets of R m2p is also robust in R m2p : Any union of robust subsets of R m2p is also robust in R m2p :
Lemma 2.5: Suppose that the nominal singular system (1) is DRIE. Then, the set F is a robust subset, or, equivalently, 
III. MAIN RESULTS
This section considers the problem of robust impulse elimination by using decentralized output feedback. It derives some algebraic sufficient conditions for making an uncertain singular system both regular and impulse free. 
is regular and impulse free for all allowable perturbation kkk 1 < :
The system (1) has a DRIC for any fixed real number
Proof: If the algebraic condition (24) holds, by Lemma 2.5, it is easy to know that for arbitrary L 2 L E and S 2 S E the set
is a robust subset. Then, we can choose randomly a F 2 FD and find out a 0 > 0 such that the decentralized output feedback 0F 2 FD is DRIC for the given perturbation bound : For simplicity, let P = L N i=1 BiF iCiS; Q = P 01 (LA0S) and 0 = maxf1;2g; 6 = 0 under kkk 1 < ; which implies u = K 0 y is a robust impulse controller. Unfortunately, we here cannot construct explicitly the DRIC using these system matrices as done for the centralized case. The problem of designing a DRIC for a given upper bound still remains open. On the other hand, it is obvious that the algebraic condition (24) is stronger than that on DRIE. In fact, (24) ensures that the system (1) is DRIE for all k 2 C p : 
which implies that the closed-loop system
is both regular and impulse free. Then, the conclusion follows via Definition 2.1. will be either nonregular or not impulse free via Lemma 2.3. This is a contradiction.
b) Note that, in this case, for any finite F 2 F; we have (F ) < = ; ( + (F ))=2 < and
Then, the conclusion can be obtained by using similar arguments as used in the proof of a). This completes the proof.
Remark 3.2:
The results given in Theorems 3.3 and 3.4 provide us criteria to test if an uncertain singular system can be regularizable and impulse eliminated by a single decentralized output feedback. Furthermore, we may design a so-called DRIC controller for a given uncertain singular system with some perturbation upper bounds < , provided that the nominal system is DRIE or it satisfies the algebraic condition (24). It can be seen that a calculation of the minimal spectral radius of a parameterized matrix is required in the controller design. Thus, the DRIC controller can be constructed by using numerical approaches. The following is a brief summary of the design procedure for the controller.
Step i) Check out the algebraic conditions (24) and the DRIC controller can be constructed for the given bound as shown in the proof of Theorem 3.2 if it is satisfied; otherwise, go to next step.
Step ii) Solve the following optimization problem:
BiFiCi S
01
LG m :
Let F 0 be a solution of (47) andF 0 be a numerical approximation of the feedback gain F0, satisfying
where 0 is a sufficiently small positive number.
Step iii) From Theorem 3.3, ui =F 0 i yi; i 2 N; is a DRIC, provided that (F 0 ) < 1:
Step iv) If (F 0 ) 1; then reduce 0 in (48) to be half of its value and repeat Steps ii)-iv) until (F 0 ) < 1:
Lastly, it should be pointed out that implies an unclearness of the existence of DRIC as the perturbation upper bound lies between and : A further study on obtaining tighter perturbation upper bounds is expected.
Remark 3.3:
The results given in Theorems 3.2-3.4 are still valid for the Bi 2 R n21 and Ci 2 R 12n situation. In this case, the algebraic necessary and sufficient condition on DRIE becomes for all nonempty subset ' 2 P(N)
where n ' stands for the length of the set ': This result can be obtained by a similar way used in [20] for studying decentralized impulse fixed modes (DIFM) of singular systems. The corresponding conditions for (24) is replaced by setting A 0 = 0 in (49). It should be mentioned that we cannot state the above results in terms of DIFM, because the results on DIFM are based on the preassumption of regularity in the considered singular system.
IV. ILLUSTRATIVE EXAMPLES
This section presents two numerical examples to illustrate the results proposed in this work.
Example 1: The considered singular system with structured perturbations is described by 
The pertubation structure matrices are given by 
It is easy to know that the nominal system is not regular, but DRIE and satisfies the algebraic condition (24). Calculation gives 
It is easy to know that the nominal system is not regular, but DRIE and does not satisfy the algebraic condition (24). Calculation gives that 
Hence, = = 1 and this supremum is attainable at f 2 = 61: By Theorem 3.3, this uncertain singular system is DRIE for all jkj < 1,
and it has the DRIC controller; i.e., a single decentralized output-feedback law, u 1 = y 1 and u 2 = y 2 ; exists such that the closed-loop system is regular and impulse free for all jkj < 1: According to Theorem 3.4, the constant 1 is the exact upper bound for the structured perturbations. As a matter of fact, the perturbed system will obviously lose the regularity if k = 01; and no single local output-feedback laws exist to make the perturbed system regularizable and impulse eliminable.
V. CONCLUDING REMARKS
This correspondence derives a perturbation upper bound on DRIE for structured uncertain singular systems. The problem of robust elimination of impulse modes for uncertain singular systems by decentralized output feedback is considered. Algebraic sufficient conditions are presented that ensure the existence of so-called decentralized robust impulse controller.
In this correspondence, we only considered the structured perturbations described by a polytope of matrices. The results obtained here, however, can be generalized using the results in [21] for some more complicated structured perturbations. The corresponding upper bounds will be calculated by using -analysis techniques [22] . Future work will focus on finding a sufficient condition for the existence of DRIC depending on system matrix A0 to improve the result in Theorem 3.2, and robust pole assignment using decentralized output feedback.
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Control for Infinite-Dimensional Systems with Jumps
Akira Ichikawa
Abstract-In this paper, we consider a semigroup model with jumps in the state that covers distributed parameter systems with impulse control or sampled-data distributed parameter systems with control realized through zero-order or first-order hold. We then introduce the and problems for this system and give the solutions in terms of the solutions of Riccati equations with jumps.
Index Terms-Distributed parameter system, control, control, jump system, sampled-data system. [3] , [15] . The inner products in Hilbert spaces are denoted by h1; 1i, and the norm for vectors and operators are denoted by j 1 j. The abstract system G j is useful when we consider parabolic equations, hyperbolic equations, delay differential equations, and neutral equations with sampled-data control or impulse control [1] , [3] . In this paper, we generalize the results in [11] and [16] to infinite dimensions and show that the H 2 and H 1 control problems can be solved in terms of the solutions of the Riccati equations with jumps. Because we follow the approach of [11] , we only give proofs essential to the infinite dimension. This paper is a shortened version of [10] , and we refer to it for details. Control and observation operators in G j are unbounded in many practical situations [1] , [13] . However, for ease of presentation, we consider only bounded operators and leave the generalization to the reader.
II. PRELIMINARIES
Consider the system The solution of (2.1) for a locally integrable w is defined in a piecewise manner as a left-continuous function. Let S(t; ) be the fundamental solution of the homogeneous part of (2.1). Then, it is h-periodic; i.e., S(t + h; + h) = S(t; ) for any t 0. We can express x(t) with x(0) = x 0 as respectively. Let fe i g and ff j g be the orthonormal bases in W and W d , respectively. As in Chen and Francis [2] , we consider the impulse w(t) = (t 0 )ei, 0 < < h. The resulting output will be denoted by T zw (t 0 )e i . We also consider the input w d with 0018-9286/00$10.00 © 2000 IEEE
